Varicella-zoster virus (VZV) expresses six known glycoproteins. High level expression of recombinant soluble forms of the VZV glycoproteins E and I (gE and gI) was achieved in the baculovirus system. gE and gI associate in VZV-infected cells to form an intermolecular complex. To purify large amounts of these glycoproteins, gE was produced with a C-terminal six-histidine (HIS-6) tag sequence, and gI was produced both with and without the HIS-6 sequence. The individual glycoproteins or the gE/gI complex were purified in their native forms by use of affinity chromatography. Recombinant soluble VZV gE and gI provided important tools in the biochemical analysis and may contribute further to the functional and immunologic studies of these VZV envelope components.
Viral glycoproteins are major components of the membrane sequences for the transmembrane domains produces soluble forms of these glycoproteins, which are secreted into the inof enveloped viruses and play important roles in viral entry. They are also expressed abundantly on the surfaces of infected fected cell media [5, 6 ]. An additional improvement of this system is the attachment of polyhistidine tag sequences to cells, where in some cases, they function in cell-to-cell fusion and thereby promote the spread of the virus. Varicella-zoster C-terminal ends of each glycoprotein to enable the efficient purification of the viral glycoproteins by use of nickel-or virus (VZV) encodes six glycoproteins: gB, gC, gE, gH, gI, and gL [1] . Four of the VZV glycoproteins interact to form cobalt-based metal affinity chromatography. intermolecular complexes. These interactions between the envelope glycoproteins of VZV may be necessary for their correct Materials and Methods biosynthesis or function (or both).
VZV gH, which forms a complex with a chaperon protein,
Expression and purification of truncated gE and gI. We apgL, was shown to be involved in cell-to-cell fusion [2] . A plied the baculovirus expression system and metal affinity chromasecond pair of VZV glycoproteins, gE and gI, also form a tography to obtain soluble forms of VZV glycoproteins. To seek complex [3] ; however, the function of the gE-gI complex has optimal protein yields, we expressed VZV glycoproteins in the baculovirus system, using different signal peptides. The extracellunot been clarified, and the role of each protein in the complex lar domains of VZV gE and gI were cloned into baculoviruses, is not known. Although gE can bind to human IgG and may using native VZV, baculovirus gp67, or honeybee melittin signal function as an Fc receptor, the efficiency of the binding is far peptides and by attaching a histidine hexapeptide tag sequence at less than that of its homolog in herpes simplex virus [4] .
the C-terminal ends. The gp67 and melittin signal peptides were
To understand the properties and functions of gE, gI, and used for enhanced expression and secretion [5, 8] .
their complex and to provide reagents for the studies of receptor
The resulting recombinant baculoviruses were used to infect Sf9 interactions, we needed to express and purify a large amount insect cells, and the infected cell media were analyzed by use of native forms of these glycoproteins. The baculovirus system of SDS-polyacrylamide gel electrophoresis (PAGE). SDS-PAGE has been used for high-level expression of secreted forms of showed that cells infected with all three recombinant gE baculoviherpes simplex virus glycoproteins [5, 6] . Recombinant viral ruses secreted proteins of Ç61 kDa into the media, although higher glycoprotein genes cloned into baculoviruses downstream of levels of secretion were achieved with the melittin or gp67 signal peptides. Western blotting showed that these bands were recogthe polyhedrin promoter result in large amounts of these glyconized by a monoclonal anti-gE antibody. SDS-PAGE also showed proteins being expressed in insect cells with posttranslational that cells infected with any of the three recombinant gI baculovimodifications similar to those found in mammalian cells [7] .
ruses secreted proteins of Ç41 kDa that reacted with polyclonal Expression of truncated glycoproteins by deleting the genetic anti-gI rabbit serum. These results indicate that all 6 of these recombinant baculoviruses yielded secreted VZV glycoproteins. Since our recombinant baculoviruses with melittin signal peptides produced somewhat higher levels of the VZV glycoproteins of truncated gE and 41 kDa of truncated gI were purified to near were synthesized and secreted. The recombinant gI protein (desighomogeneity (figure 2, lanes 1 and 2). N-terminal amino acid nated gIt) bearing the native signal peptide did, however, effisequencing of the purified proteins was used to prove the validity of ciently participate in complex formation. Compared with gIt, the expression and to analyze the cleavage site of each signal peptide.
two recombinant gI proteins that could not bind to gE differ not Finally, up to 10 mg of soluble gE and 20 mg of gI were recovered only by replacement of the VZV gI signal peptide but also by the per liter of cell culture media. alteration of their mature N-termini, specifically the addition of
Complex formation and the role of the N-terminal region of gI.
the dipeptide Asp-Pro at the extreme N-terminus, as a result of To express the gE-gI complex in insect cells, recombinant gE insertions at the 5 cloning site. and gI baculoviruses were used to co-infect Sf9 cells. Complex
To test whether it is the signal peptide or the mature N-terminus formation was determined by co-immunoprecipitation. Insect cells of gI that determines complex formation, we constructed a series were co-infected with 9 combinations of recombinant gE and gI of mutant gI recombinant baculoviruses by either site-directed mubaculoviruses. Secreted proteins were immunoprecipitated with tagenesis or by linker insertion. When the virus signal peptide was either anti-gE or anti-gI antibody and followed by Western blotreplaced by the melittin signal peptide but the original mature ting. All three gE-recombinant proteins could form a complex with N-terminus was retained, gI could associate with VZV gE. On the gI. Of interest, of three different gI proteins, two recombinant gI other hand, a mutant gI, which retains the native signal peptide proteins, in which signal peptides were replaced with insect-debut has an amino acid alteration at its mature N-terminus, could rived ones, did not associate with gE even though these gI proteins not complex with gE. Data obtained with the linker insertion mutants also showed that the disruption of the mature N-terminal sequence abrogated complex formation; the disruption of the C-terminal region did not. These results indicate that the mature Figure 2 . Purification of gEt-N-terminus of gI is important for formation or stability of the his, gIt-his, and gE-gI complex. Recombinant baculoviruses were gE-gI complex (or both) [9] . used to infect Sf9 cells, and sePurification and characterization of the gE-gI complex. creted proteins were purified via Since the gIt protein could participate in complex formation and their polyhistidine tags and metal gEt-his has a polyhistidine tag, the combination of baculoviruses affinity chromatography. Eluted expressing these proteins was used for larger-scale purification proteins were concentrated, subof the gE-gI complex (figure 1). In suspension cultures of Sf9 jected to SDS-polyacrylamide gel cells, we co-expressed gEt-his and gIt by co-infection using electrophoresis, and stained with their respective recombinant baculoviruses followed by metal Coomassie blue. Lanes: 1, purified affinity chromatography of the infected cell media (figure 2, gEt-his; 2, purified gIt-his; 3, purified gE-gI complex. gE-gI comlane 3). The gIt protein, which does not possess a polyhistidine plex was formed by coinfection tag, was co-purified with the gEt-his, verifying the effective with recombinant baculoviruses formation of the gE-gI complex in these cells. Finally, several expressing gEt-his and gIt. gIt promilligrams of the gE-gI complex were recovered per liter of tein, which does not possess polycell culture media. To analyze the complex, the purified gE-gI histidine tag, was co-purified with glycoproteins were co-immunoprecipitated with either anti-gE gEt-his, indicating formation of or anti-gI followed by Western blotting. Co-immunoprecipitagE-gI complex. MW; molecular tion was found in the purified protein solution, indicating that mass marker. Sizes are indicated in kilodaltons.
the complex was noncovalently associated.
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Results and Conclusions gE, gI, and gE-gI complex were produced by nondenaturing conditions so that they are more likely to be correctly recogThe stoichiometry of the gE-gI association has been difficult nized by the immune system than denatured proteins, as preto obtain directly from VZV-infected cells, but is important to viously shown for VZV-gE [11] . These recombinant proteins, the understanding of this complex. We estimated the molecular therefore, will be useful for studies of VZV immunity and as size of the purified gE-gI complex by two independent methods components of experimental vaccines. and compared its size with those of monomer gE and gI. First, determination of the molecular mass of purified proteins was
